Abstract-We demonstrate a mode division multiplexing (MDM) system over an 8 km conventional graded index mul tim ode fiber (GI-MMF). Spatial light modulators (SLMs) are used to mUltiplex and demultiplex three linearly polarized (LP) modes (LPOI, LPlla and LPllb) in two polarizations . A 6x6 sparse frequency domain equalizer (FDE) is used as the channel impulse response of the SLM-based MDM system is found to be sparse due to the large crosstalk at the mode MUXfDEMUX and small coupling in the fiber. The signal transmitted on each mode is recovered with improved performance over conventional FDEs. The results indicate that this system can be used in short reach transmission applications to increase the system capacity.
distance transmission [7] . This is due to the large difference in phase velocities between the modes in the GI-MMF that prevents the mode from coupling while propagating along the fiber. However, the number of supported modes of the system is limited by the size of the SLM, as each mode is multiplexed/demultiplexed at different areas of the SLM [8] . With superposition of the phase masks for each fiber mode, the number of modes in a GI-MMF can be scaled [9] . However, in previous works, the SLM-based mode MUX for the transmission experiments over conventional GI-MMF has been limited to launching the channels into two modes: LP01 and an arbitrary higher order mode [10] . In addition, despite the use of a selective SLM-based MUXlOEMUX, MIMO OSP remains necessary for such systems, as the modal selectivity when launching into a conventional multi mode fiber is only around 8� 10 dB. As a contrast, due to the difference in phase velocities of the modes, which results in a large differential mode delay (OMO) in the fiber (0.36 ns/km for the LP11 mode, 0.61 ns/km for the LP02 and LP21 modes), the coupling between the mode groups in the 8 km GI-MMF is found to be less than -20 dB. As a result of the modal mixing pre dominately occurring at the MUX and OEMUX, the impulse response of the complete MIMO channel (MUX, transmission fiber and OEMUX) is sparse. Therefore, sparse frequency domain equalizers (FOEs) can be used to achieve relatively low OSP complexity and improve the system performance compared with conventional uniformly spaced tap-delay-line MIMO equalizers [11] .
In this paper, as an extension of our previous work in [11] that multiplexes 2 channels using 2 mode groups, we demonstrate a 6x6 MOM system over an 8 km conventional GI-MMF using an SLM-based MUXlOEMUX that uses sparse equalization. The fiber is an OM2 fiber with a core diameter of 50 Mm and a refractive index difference of 1 %. The fiber loss is :::; 0.6 dB/km at 1300 nm and the macro bending loss is :::; 0.5 dB with 2 turns on a mandrel with a radius of 7.5 mm. Two polarizations of three linearly polarized (LP) modes in the GI-MMF (LP01, LPlla and LPllb), each of which is modu lated with a 28 Gbaud quadralure phase shift keying (QPSK) signal, are selectively launched and detected using SLM-based mode MUXIDEMUX. The channel impulse response shows a strong crosstalk (�-12 dB) at the mode MUX/OEMUX as a result of optical aberrations in the launch system. The resultant sparse channel is then equalized using an improved proportionate normalized least-mean-square (IPNLMS) FOE. An improvement of the system performance of 0.2 dB is achieved over the conventional FOE. The input polarization state is first split into two orthogonaJ polarizations each of which is then aligned with the required polarization of the SLM using half-waveplates. The SLM area is divided into two, with each haJf processing one polarization independently of the other. Having passed through the SLM, the two orthogonal polarizations are recombined. Each opticaJ channel is then considered a mapping between a single fiber and polarization state in the MUX SMF array and a fiber and polarization state in the DEMUX SMF array. The mode transfer matrices of each of these opticaJ channels can be characterized by launching each mode in each polarization one at a time at MUX and analyzing the modal content of the output beam at the DEMUX [9] . Fig. 2 (a) measured mode transfer matrix of the channel using the most centraJ SMF of the MUX input fiber array and similarly for the DEMUX array. Fig. 2 (b) shows the measured mode transfer matrix of a channel using an offset SMF at the MUX. It can be seen that there is significantly more modaJ crosstalk than Fig. 2 (a). This is because the offset SMF introduces optical distortions that cannot be fully corrected using multiplicative Zernike phase masks. Currently, this system is only able to compensate aberrations using Zernike phase masks and so optical distortion is the main source of modaJ crosstaJk at the MUX and DEMUX.
When operating as a mode multiplexer, Gaussian beams from each fiber in the SMF array (spaced 250 f-Lm apart) illuminate the SLM. The SLM then displays a superposition of mode phase masks such that each illumination source will project the desired mode or combination of modes for that channel onto the MMF facet. Within this superposition the phase masks for each channel are weighted with com plex coefficients, which are determined through an iterative feedback algorithm so as to equalize power and minimize crosstalk between channels. Because the SLMs are phase only devices, the superposition of the phase masks discards amplitude information. This results in a power loss equivalent to that of a traditional phase mask and beam splitter approach. This may also introduce a smaJl amount of additional crosstalk «20 dB) but in this case the MUXlDEMUX crosstaJk is dominated by opticaJ distortions, as can be seen from the mode-transfer matrices that do not rely on superposition. As we can see from Fig. 2 (a) that the worst case gives a crosstalk of approximately -10 dB between the first three mode groups, which has a similar level of crosstaJk (-10.5 dB, 40 km) comparing with the mode MUXlDEMUX using separated phase masks for each mode [7] .
III. MDM SY ST EM
The diagram of the MDM system is shown in Fig. I (b) , where standard 28 Gbaud QPSK transmitters and receivers are used for the 6x6 MDM system. The in-phase (I) and quadrature (Q) component of the QPSK signaJ are generated using the two data outputs of a pulse pattern generator (PPG) to drive a dual parallel Mach-Zehnder (DPMZ) modulator. Each output is a 28 Gbitls data signal, which is derived from two interleaved 14 Gbitls pseudo random binary sequence (PRBS) of length 215 -1. The signals that are modulated on the two polarizations of each LP mode are decorrelated with a relative delay of 61 ns (1714 symbols). The polarization multiplexed signals are then separated into three tributaries, each of which is again decorrelated with a relative delay of 0 ns, 78 ns (2190 symbols) and 114 ns (3182 symbols) respectively. As shown in Fig. 1 (b) , the three decorrelated signals are selectively launched into the LP11a, LP11b and LP01 modes of the 8 km GI-MMF by using the SLM mode MUX as described in section II. At the mode DEMUX, the signals from each spatial channel in the MMF are routed to different ports of the output fiber array. This is achieved by displaying on the SLM a superposition of the phase masks for each channel, each with a different phase tilt. The central SMF of the fiber array is used for launching and receiving the LP01 mode, while the offset SMFs of the fiber array are used for the LP11a!b modes. Afterwards, amplified spontaneous emission (AS E) noise is combined with the demuItiplexed signal to vary the received optical signal to noise ratio (OSNR). The noise loaded signal is then detected by three integrated coherent receivers and a 12-channel real time oscilloscope, where the signals are sampled at 80 GSample/s before offline MIMO DSP to recover the data.
A. Channel impulse response
To estimate the channel impulse response from the received data signals, the constant-modulus algorithm (CMA) is used in the equalizer to undo the crosstalk of the spatial channels after the compensation of the impairments of the coherent front ends. This is followed by the carrier phase estimation and correction using the Viterbi-Viterbi algorithm. After a decision is made for each symbol of the recovered channel, the bit error rate (BER) is calculated. The recovered data sequence is then upsampled to two samples per symbol to recreate the unknown transmitted data signal (QPSK). This reconstructed signal along with the received signal is subsequently used for the least squares (LS) estimation of the channel impulse response [11] . We use a LS channel estimation rather than simply inverting the response obtained from the CMA equalizer as this approach is more robust. The resulting channel impulse response is plotted in Fig. 3 , where the coefficients of the two polarizations of each mode are averaged.
The large central impulses in the diagonal matrices represent the ideal channel response, where the energy is preserved in the selectively launched mode. The other sparse impulses in the channel response arise from the crosstalk that occurs either in the mode MUX or DEMUX. For example, impulse (b) in h12 represents the crosstalk from the LP11a mode to the LP01 mode at the mode DEMUX as it propagates at the same speed as the central impulse in h22. However, the impulse (a) in h12 represents the crosstalk from the LP11a mode to the LP01 mode at the mode MUX which propagates faster than the central impulse in h22. The impulse (c) in h12 indicates coupling from the LP11a mode to the next higher order mode group (LP02, LP12a or LP12b) at the mode MUX, which is then coupled back into the LP01 mode at the mode DEMUX. It can be noticed that the magnitude of the channel coefficients in between the sparse impulses are approximately 40 dB lower than the central impulses, which shows that the coupling between the modes within the transmission fiber is much weaker than that occurring in the mode MUX and DEMUX. The crosstalk and coupling estimated from the measured channel impulse response in Fig. 3 are listed in table 1. The coupling in the fiber is found to be more than 10 dB lower than the crosstalk in the mode MUXlDEMUX. Therefore, the channel impulse response shows a sparse characteristic. We can also see that the strongest crosstalk occurs when launching the LP01 mode and receiving the LP11b mode. This also agrees with the mode transfer matrix as shown in Fig. 2 (b) . However, there is a mismatch of the crosstalk levels shown in Fig. 2 , obtained by launching a single mode, and the measured impulse response shown in table I. We attribute this to the fact that the non-diagonal elements in table I are a combination of the effects arising from the aberrations caused by using both the central and offset SMFs in the fiber arrays of the MUXlDEMUX, as well as the superposition of phase masks for each channel in the transmission experiment.
B. System performance
In order to mitigate the crosstalk, an equalizer with the same length as the channel impulse response is required, which is a length of 512 taps, so that it compensates the impulses due to the crosstalk between the three fiber modes as shown in Fig. 3 . The number of equalizer taps is chosen to be a power of 2 for the increased efficiency of the fast Fourier transforms (FFTs) that are used in the FDE. In order to reduce the additional noise introduced by the inactive taps in the conventionaJ FDE, an adaptive sparse FDE using the IPNLMS algorithm is employed. In this equalizer, the taps with higher magnitudes are updated with a larger weight than those with lower magnitudes. Hence, the inactive taps remain suppressed close to their initial values, which are set to zero at the start of the equalization [11]. The measured BERs as a function of the received OSNRs are plotted in Fig. 4 . The penalty from theory at the forward error correction (FEC) threshold is 0.4 dB for the LPO I mode and 1.8 dB for the LP11a!b modes. The required OSNR at the FEC threshold is reduced by approximately 0.2 dB by using the IPNLMS FDE (solid lines) comparing to the conventional FDE (dotted lines). The averaged BER of the three channels for back-to-back and after transmission is aJso plotted in Fig. 4 , which indicates the average penalty induced by the mode multiplexing is approximately 1.46 dB. In Fig. 3 , the impulses in the shaded areas represent the crosstalk between the selected modes and the other higher order modes at the MUXlDEMUX. The power of these impulses is higher in the observed channel response at the LPllaib receivers (second and the third row) than in the LPO I receiver (first row). This indicates that there is more power coupled into the higher order modes from the LPlla!b modes than that from the LPO I mode at the mode MUXfDEMUX, which is aJso indicated in the mode transfer matrix in Fig. 2 . This coupling of the LP II modes to higher order modes has also been observed in MDM systems in the presence of non-ideal fiber connections [12] . Therefore, the LPlla!b modes incur an additional penalty due to the power that is coupled into the higher order modes and not received or processed by the MIMO equalizer.
IV. CONCLUSION
The transmISSIon of three LP modes over an 8 km con ventionaJ GI-MMF is achieved using a compact SLM-based MUX and DEMUX. The SLMs display superposition of phase masks calculated to map LP modes of the fiber to different ports of an SMF array. An OSNR penalty of 0.4 dB and 1.8 dB from theory is found for the LPO I mode and LP11a!b modes respectively. Employing a sparse FDE updated with the IPNLMS aJgorithm to overcome the crosstalk induced by the MUXlDEMUX improves the system performance by 0.2 dB over the conventional FDE. However, the LP11a1b modes suffer an extra penalty of 1.4 dB compared to the LPO I mode as a result of coupling power into higher order modes at the MUXfDEMUX which is not processed by the MIMO receiver in this experiment.
